oy

1EDA T-05

-2
DA

pa—
Ve
4

i

COVLiR S

N~y
el At

Lostudy of Methodo
TEFL I - ETOEU ?roqucghst:ij“” .
Control of Qul-of-1 . no
Erioon - Doscecipbion of Lhe Fethod
Ured
FliG Cf Loy - 340
Py SR - Guidance FEguatl ong
(/s BY AUTHIDIHE) -~ El"]“(‘::'? Aualy Q j &

This memorandun I the fir

€
¥

the relative

. . s ECI e -
ing lew with divect comtrol of vhe
ISR Sl FR e
T e menorandom 3l rcusses the methods
| -t N @ S s A
dgovelops the stecrlng cqQuelLions tenteo,

4e
= O

wilil ! e aal of" the =

digcu

rs.

Tneertlion,

1
N

fiieht p

oy O S
N

1

L

e R LA
MDA U

[eN}

[

out-oi-

vaed

tudies

1

ol sugmenting

o

1

1

2

A

2T e ~r
Dot - November 25,

-

[IR T Sy S o

INE St Gy

series

th

CoCirOB0

the Thnsw

o

unar Injecetlion

(NASA CR OR TMX OR AD NUMBER)

(NASA-CR-153765) A STUDY OF TIHE METHODS OF
AOGMENTING CRCSS PRODUCT STEERING WITH
DIRECT CONTROL OF OUT-OF-PLANE POSITION
ERRORS: DESCRIPTION OF THE METHODS USED

i8 p

060/17

(CATEGORY)}

i

i
N

P

N79-72289

Inclas
12409

ey
[N

D,

ol four

¢

SR
nowered

656-.201 20

L.

1

QL

-~
aia
R R
LO8
L
P

o
v o

product

)

Cor

. g
[N

o

1060

Y



€.
R.
[ll .
R.

-~

L

. s

Ve Ry o~ .
BELLCOT 4, ﬂ'f\,

DISTRIBUTION

COMPL ETTE MEMIRANDU TO

CORRESPORNDENCE FILES:

OFFICHAL FILE COMY

plus onc white copy for cach
odditional cese referenced

TECHNICAL LIPRARY (4)

L. Berisy - MSC/Lil5
Cohen - MSC/¥DI

P. Frank - MSC/I5
V. Jenking - NSC/EM

C. Chandler - MSHC/R-ARRO-DAG
W. Deaton - MSEC/R-AERO-DAG

R. Anselmo

I.. Bush

O. Cappelliari, Jr.
E. Driscoll

R. Hagner

G. Heffron

> Hittinger
1'. Howard
Kaskey

S. London

I, Marghall
7. Menard

S. Muanmert
D. Nehama

G. Niedfeldt
J. Roek

M, Ross

V. Sperry

", Thompson
L. Wagner

Central Wiles
Depertment 1023

COVER SHEET ONLY. TO



EiLd conm, hiec,

CSupECT: A Study of lethods of Augmenting DATE: November 25, 1960
Croszs Product Steering vith Direct
pomtrol of" Out-of-Plene Posilion Fro: D, A, Corey
Frrors - Description of the Mcethods _ _
. . TH- 6620126
Ugsed - Cesc 310 . Ce
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TNTRODUCHTON

This mewmorsndum 1g the fir: % of four wvhich will discuss
the results of studies concerning the relative merits of augment.
ing the cross product steering law with direct control of the oui-
of-plane errors. This first memorandum of the serics discusses
the development of' the steering ecquetione studled znd, to some
extent. the simulation used to perflform the study. The remeining
three memorandums will digcuss the achieved regults of the study
for the Tuner Orbit Insertion (LOI)., Trengcarth Injec! on (TBT)
snd Trenslunar Injection (TLT) (with cross product steciing)
powered flight maneuvers,

A study of out-of-plenc steering for the luner orbit
Ingertion meneuver has previously been conducted by A, W, Mery
of MIT/Il, (refercnce 1). Similarities and differences between
the epproeches to the problem will be noted vhen applicable.

Lccurate control of the achicved orbit plane is prob-
ably most important for the LOI mancuver gince any error in
schieving the desired plune would result in forcing the Lunar
Module to meke a plene chsnge during powered descent if 1t is to
echieve itg desired landing site., Similerly, the magnitude of
the plene change required of the CSHM prior to LM sscent or of
the TM itself during its s&scent is directly controlled by the
occurecy of the TL.OT meneuver with respect to the achleved plane.
Wheress, out-of-plane errors resulting from TET and TLI manecuvers
can be corrected in the midcourse correction phases with a small
AV penalty, it 1s nevertheless of intercst to determine vhether
more accurate steering can produce a meaningful rcduction in that
AV penalty, :

DESCRIPTION OF THi STMULATION

The studies were conducted using the Monte Cario IT
Powered Flicht Error Analysis Sinwvlator, A detsiled description
of the computer prosvam is provided in forthcoming documentation
(reference 2), Consequently, only e briel description will be
presented here, AWMﬁmeto

NASA Off
Research Cen 1ces and

ters Only,
RS~ 1 Vv .



BriilcoiiMm, e, - D

The Monte Carlo 11T program simulates primary cngine
povered Iights. The simvlalor vas prin lpally designed to
develop pouwered f]iWhT trepeition matrices which releaet s devia-
tions and uncert: Yiul@" in the state vector at the end of the

»-'

povercd Ilight ph~o. fo devietiong and uvncertainties in the
state vectoy at the Leglinning of the pheoe and Lo vehicle
performence and sensing errors which occur during the phase,

For the purpoces of thesc memoranda deviations, or actual devia-
tions, refer Lo the difference between the actual state vector
and the refercnce trajectory state vector, and uncertainties
refer to differences belwein the QCLuL1 U‘ate vector and the
estimated state vector. All three types of perturbations arc
developed at prespecified reference times,

The simulation included a coasting or Tree Clignht
phase beflore and after the powered flight meneuver., The duratiocn
of these coasting intervals is 10 scconds for the nominal
(no error) trajectory. Thus the simulation starts 10 seconds
prior to nominal ongine lgnition and ends 10 seconds aflter

nominal cnglng cutoflf. The transition wmatrices then relals per-
turbati existing at a time 10 seconds past pominal engine cub-

of'l to pertufoctjon% which were present 10 seconds before nominagl
engine ignition and to errors which occur during the powoercd
portion of gimulation. The trangition matrices may then be used
to propagate the covariance matrices of actual deviations and or
uncertainties which exist before the phase, thwough the phase,
obtaining the actual and the uncertalinty covarlance mabtrices at
the end of the phasge.

The covariance matrices discugssed in these memorands
will all be in the orbit plane or UVW coordinate systen, The
radial or U component is in -the dircction of the nominal position
vector, The out-of-plane or W component is defined by crossing
the nominal position vector P with the desired velocity vector
(VDFS) Thus iw = UNIT (P X \DTS) The downrange or V component

completes the right-handed orthogonal coordinate system and is in
the . general direction of the velocity vector.

The simulator also determines the values of several
parameters which describe the initial and final conics for both
nominal and off nominal ceases. 1In additiocn, the computed time-
to~go and the magnitude of the velocity to be gained at the time
of engine cutof arc computed and printcd. Thesge provide indi-
cations of th“ abllity of the guidance scheme to achicve the
desired condltions based on the estimsted state vector of the
vehicle., Tdeally, they should both be zero.
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A sinplified representation of an auto pilot i1s Jnf] de
in the sirnwmletion to account for the eflfcets and restrictio of

vehicle dynemics. The comnended pitch and y:w glubal anWC chﬂl

arce restricted Lo & meximum value of 0,1 radien poer second, The

2
maxinom allowable pitceh ond vew enpular eccelerations ere Inverse-
<

ly proportionsl to the vehicle moes and 2re besed on externally
computed values which: ero inpul Ttens, Theuo velues esre cowmduted
at the beginning and the end cf the flight snd ere based on the
vehicle mesg, conter of gravity, momnmtg of dinertis, ar maximum
possible engine gimb:l ongle,  The engular accelercetion limita-
tion is @ssumed identicel for Y sth pitcl and ysw, The commanded
rol)l ancle weoo hcia conastent ot zero,

GUIDANCE EQUATIONS

Generally, the current concept ol guidance for the CSM
ig to use crosg product steering., Since this steering law hes
been trested extensively in many documents (e.g., reference 3) @
brief description will sufficec here,

A required velocity, Xr’ is computed which, if schievead
instesnteneously, would sgetisfy the objectiveg of the particulsr
powered Tlight phase,

The ingtantancous velocity to be gained 1g then

where V ig the present veloclity of the vehicl

IS JL/‘DI‘U,,‘: L

[ou

The steering principle 1s t
vector such that

! . x 4
i Lo pPpoLnu b

5

Bpx ¥V, = cbx Vg (2)

where:

¥

{

2
ct

ET is the scceleration due to thru:

. ‘?Zr’ . | (3)
— ('

e}

g is the accelercstion due to gravity

e

l)
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and
¢ is a scalar Tactor generally taking a valuc
0 ang 1. :
Additional nm1 pn]aij n yields a solution for
direction of the desired acceles tion veector i
i, = UN® (eb + (g - 1 * ¢b)i
i (cb + (g b)i,)
where:
1/2
_ 2 2 . 2 /
q ay, leb ™ + (i, - cb) )
'\IT
. -
1 F L s
o7
and
8y T the available thrust accclaoration
The quantity varics with the particular phas
applicable cxpressions will be Included with the resulis
particular phasec.
With considerable dl?@)T“]C manipulation it is
to derive an analytic expression for b. Howcver, a comp

satisfactory spproximation of b may be oblained by simpl

ing the change in V

latter melhod was
whera

r{(t) is
and

AL i1s 1

e

between two computation intervals

=
used in this study. Thus,
V(L) v, (i Ab)
b= X .
- M
the present vector
e time dntcorval belvoeen computations.

belween

the

(L)

(5)

(6)

magnitude.

S T'he

for {he

possible
Tetely

vy obtalin-
3 <

¢
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DEVETOPUFENT OF OU-0F--PLANE ST

Note that the cross product stecring concept provides
no dirccet contrul of the final p sitilon of the vehiele., Only
the Tinal velocity is controlled directly. As & congeguencao,
the vehicle must be on the nominsl trejectory belfore the moncuver,
and engince ignition time and perforimance must be noninel irn order
for the vchicle to achieve the degired orbit precisely. In terms
of" the out-of-plane control, the cross product stecring schome
attempls to put the vehicle on a planc parallel to the desired
planc in the =scnse that the final velocity Jsg parcllel to the
desivcd plane (neglecting uncertainty errors) but no contiol of
the out-ofl-plane position error 1s provided,

Actually, it is not the croo: product law itsell which
produces these effects, rather, it is Lthe seclecction of the re-
guired + ‘tocity Vf. Twe posgitilities suggest themselves for

control . out-of-plane pogition, One is to deline the Xr vector

in such a way as to implicitly control out-of-planc pozition (or
other components of position). Some possibiiitics of this type
of’ approach are currently under study. A socond possibility is
to use cross product steering, with thc_}{r vector defined as

>3
presently planned, to control the in-plane componcnts of the
thrust accelewvation vector and develop another l=2vw Lo control the
out-of-planc component., The latter method is connsiderad in this
memorandwn.,  Hor the sake of brevity (forsaking comploto acouracy),
this memorandum will refer to the out-~of-plane controel as yau-
steering.

DEVOLOPTINT OF A LINEAR VAW-STRENTNG LAV

Since 1t is necessary Lo control both the {inzl out-of-
plane position and velocity, at least two paramcters or variables
are required in the formulation., Let a, be tre desired accelera-

tion in the out-of-plane direction. That is, 2, will be perpecn-

dicular to the desired orbital plane. Then let

a = a b(T-t)
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vhere
T ds the time from eng’ne ipgnition to cngine cutoff
t dis the current tine since engine ipnition
a and b awve parameters {o be computed.
Integrating the first tipe

q . T
an(T)dT = (a+b(T-1))dr

or
T

(Y - X(t) - (a'tb (-7 ))dx

making the change of variable

Tt
X)) - S(t) = (a+bs)as

et

= a(T-t) + = b (T-t)°

ne

X(T) 4is the terminal velocity

X(t) 1is the present velocity.

Since X(T) is fixed, a2 sccond intesration vields the
following:




I'l\
() - X(0))da = XY (r-t) - (1) - X))
o
i
e 1 2 pal
= (a(t) + 5 b(l--1)")dr
t
making the same change of variables yiclds
T--t :
X(TY (T=6) ~ (X(T) - X(E)) = (as + 3 bs*)ds
o

1
2

a(T-1)° + %-b(T»L)g

Some additional manipulation yiclds the expressions for
a and b.

nx() + 2i(t) 6(n(r) = X(1))

B e

b2 120K = X(1)) 60 & E(E))

(T-t )" (7-1)°

Since X(T) and X(T) are to be di‘iven to zcro, further
simplification yeillds

L = 2R(e) o 6x(h)
Z—J"‘t ) (Tmt ) 2
Lo lex(e) o 6R(%)

(T-1) (T-1)
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¥(t) and (L) arc thce present position ani v..-locity
devialions Trom the desired orbital pl:ine which, for the e of
conTormity with Merz, will be called WD and TVD respectively.
They are calculated by

TPD = r - 1 (9)

=1
and
™D = v - iﬂ (10)
where
:'LV1 is a unit norral to the desired plane - in the
-1

direction of the angular momentum vector.

Now, (10-t) is the estimated tine until engine cutoflf, call it
Tgo.

Thus, a and b rcduce to
2 TVD 6 T

a = -—-—————T goﬁ— + I (l 1 )

Teo
my ) ? MP o
b o= - gw}ma .. l;WM?B (12)
Tgo Tgo™

and

a, = a + b Tgo ' (13)

The commanded oubt-of-plenc engine acceleration, TAC,
can include o term to compensate for gravity

CTAC = a + b Tpo + RTAig (1)
1




it
o

The gravity term is general'y small end diseppears as
pa

to zero so it cen be 1ot out.

The total thrust sccelerstion communded is then deter-
mired by allowing t! out-of-plane acccleration to take on the
full v”]u~, T/C provided, «f coursc, TAC does nol exccde the
total availalle acceleretion CI The comennded value of in-plane
thrust acceleration, ajpD is glvon the magnitude

1/2
I N
a. = (a,” - TACT) (1%)
ip J

The commanded inwplanc acccleration vector, iin’ is
comnputed by first cowputing i T using the cross product stecring
law, (eguation ). i, will generally have a component out of the
desired plane as it attempts to null the out.of-pla velocelty
error. Only the in-planc compoincnts are uned. Thug

i, = UNIT (3, - (3,-i )1 16

—_11) < lJ‘i (___lll __71,1)“_],1) ( )
The firnal commanded acceleration, a, is then given by

a = a, 1, 4 TAC 1 (17)

—C ip ~ip N

UNIT (gc) is then used to determine the des

Tform gimbal

The cquation used for the
previously becen reported by

notes, the quantities a and b are theoretically constants. Tovr-
ever, in practice, computational round off errors, inabilily of
the vehicle to respond periectly, and the fact thr the gusntity
Tro is not a perfect estimator, cause these guantities Lo vary Lo
some cxtent.  Yor purpoces of this study, thoy wﬂrc simnly recom
puted during cach cycle through the guidance equations. Furthor
more, as Tgo gots small, the ability ol the vehic Jo to correct
out—of--plane position eJ'u¢ diminishcs. As a consequence, durineg

angles.

G. W.

ired plat-

out-of-plane acceleration has

Cherry (reference U).

As Cherry
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the lasi few secornds of T

light, the computod valuc of TAC lend

to diverge, and dominatoe L
7

A

he commanded acc. leratico.: computation.

~ading the final orbit and i wasteful
of fucl. Cherry supggests dropping the final ouvb-of-plane posi-
tion constraint during the last few scconds of flight and compu-
ting the out-of-plane acceleration solely on the basis of the
ont--of-plane velocity deviation. TU was found, however, that
dropping the out--of-plane stecring altogether and relying solely
on cross product stecring yielded suoliler cut-of-plane velociiy
crrors.  Undoubtedly this is due to the dirccet depend nice of ithe
Yo calculaticen on the cross product steering computations.
Reesll that the cross product steering law does attempt to null
out-ol-planc velocity erirors.

5

This bas the offcel of dco

A detailed study of the optimum time to cut off the out-
of-plane steering was not conducted. Threc valucs were ftried,
Tgo < 6, Tgo < 10, and Tgo < 15. Tgo < 6 produced the swq]lemb
cut ¢ f crrors and so was uscd in the remainder of the studies.

An accurabe estimate of Tpo is rcquirced in order to
implewent the eguation for out-of-plane ¢ weceleration,  The Tgo
cstimator developed by k. M. Copps (Rcfcrcnce 5) was found to
produce excellent results and was uscd in the studica. Tgo is
computed on the basis of the quantitics developed for the cross
product or in-plane stecring. The derivation of" the Tgo computa-
tion assumes that the constant ¢ = 1. However, it was found to
work equaliy well for ¢ = 0, and ¢ = 0.5.

7 r {k2(X]+m))

Tgo = ==  log |3 " (18)
Ay x](x?m)l
wvhero:
0
;
2 &y
/
T R N [ PP VU R
1 21 2 3 "2 1 o2 ° T 1
Ay = o= oy b Lk R R ° K R
7 20T M T2 M EIE I
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and

A
Q3
o]
3=

The valuce of Tgo was computed during each cycle throupgh
the guidance ecquations and was used to determine the tiue of
cngine cut off'. Conscquently the TAC equation can actually be
simplified tTo:

ooy T . )
TAC = — Jﬁégg - §w£E2A+ p TPD (19)
18 Teo |‘_r"

As Tgo and [yp| spproach zero, the stecring equations
becoms soncvhalt crotic (cvcn Gisrveprrding the offoct of TAC noted
previously) due to numerical round off errors and the limited
ability of the vehicle to respond to rapidly changing gimbal angle
comm .1ds. Consequently, once Tgo falls below 2 seconds, the pre-
viously commanded thrust vector oricntation is held for the re-
mainder of the powered flight. Furthermore, the current value of
Teo together with the previous value of Tgo arc linearly extrapo-
lated to determine the commandced engine cutoff time. This method
has beer found to yield a valuc of Tgo at cutoff of less then .05
seconds when the cvele interval through the guldence eguations 1s
two scconds. It should be mentioncd that the simulation did not
consider the offects of accelerometer quantizztions or the elTects
of" vibration, The cutoflf errors would undoubtedly be lerger iT
these. ef'Tects were consliderad,

One of the problems ercountered in Installing yaw-
o *n the command module steering cquations is the shorta; ¢
of gvailable core storase in the AGC (Apollo Culdance Computer).

i6s]
)
D
=
H.
>
9
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Copps' time--to-go equation, whilc quite accurale,

0

T

Consecguently, simpler, though
was also tried, namely:

bulky.
calculation

Tgo

in cguation 1

vV

—
[}

where is as computed 1t

Yg =D = ap Iy

-

is as computed

!
I

b in eguation

g.—_r T 3

. .

ig as computed in cquation

A comparison of the
presented in Figure 1.

Development of a Quadratic Yaw- Steering Law:

As Cherpvy also pointed out in Reference
Tpo is nol necescarily an opbinum gteering law.
tried;

7
¢ +a Tro + ¢ Vgo

o

This equation allows the constreint of the final
out-of-plane acccleration
value of vero final a

that the cocfficlents ¢,

chosen. It

a, and ¢ are determined

c = 0

. & v, 24 TPD

a Settg b Dt
Tgo- Tgo-

o . . A2 0vh o 36 TPD

Ty 3

)

Tgo

legs accur

relative accuracy of the two computations

as well as position and velocity.

is rather
ate, Tgo

e

n

D, a = 2a t Db
1
Another wos aloso
(" i \
\cd)

value of the
A

W

Wi

may be sho
by

(22)

(2l

3
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Vhen TPD a . TVD arc recomputed each cycle through the
guidance cguztions tho TAC computalion reduces to:

LERRVA s iz mi
TAC = - QT{éQ_ . Jﬂﬁéé” n Ew££2_ (25)
£ Tpo® lrl.)

Comparison with lMerz's Mclhod:

Merz's paper (reference 1) prescnts the cguation
p 1

] T mp
STV IO ) A 0
LE

Tg02

1
!
W
E
5
|
i
~
v
ct
~

where T is the predicted time of engine cutoff and t is the {ime
since the previous calculation of TPD and TVD.

There is probably a typographical error since it can
be shown that the coefficients used in equation 26 sre the solu-
tion for the boundary value problem

b
it

a + bt (27)
rather than
X = a 4 b(T-t)

Note that if T - t = 0 in equation 26 (or actually
t = 0 in cquation 27) the valuec of TAC is identical to that com-
puted by equation 19, (neglecting the gravity term). sing At,
the interval between compubations, in place of (I-t) in ecquation
25 was tried and Tound to yield essentially identical resulis to
those produced by using eguation 19 as expected.

Merz used only the couwnponents of the peition vector
which lie in the desired plane in his calculation of yr' He

defines a "decremented" position vector yd such that




P.o=1r - (r « 3 )i (28)

—d j_, il

Y. was then used Lo coupute VT. This V.o lics in the desircd

planc but note that

v
—_— ..1’) -

o

will still have an out-of--plane component. The thrust aco~lera-
tion vector iT computed using the cross product sleering lew will
also have an out--of-plane component. Conscquently, this is not

the same as the operation on iT performed in cqustion 16. These

studies included runs with and without the use of a decremented
position vecltor for computing YT.

Merz' equations for commanding the pitch and yaw gimbals
assume a simplificotion that was not made in thesce studies. He
effectively uses cross product stecering alonce to command the pitceh
gimbal, and the value of TAC alone to command the yaw gimbal. The
pitch plane, however, is never aligned in the finzl orbit plane
except when the mareuver involves no plane change. As a conse-
quence, the cross product stecyring law is to somc cxtent control-
ling the out--of-plane acceleration and the yaw-steering law is to
some extent controlling the in-plane componcent of acceleration.
T™is cross coupling probably causcd sowe of tho comparetively

large cutoff errors as well as the comperatively large gimbal angle
excursions Merz reported.

CONCLUSTONS

Two different equations for providing direct control of
out-of-plane position errors have becen developed. Subsequent
papers will discuss the effectiveness of the two methods as com-
pared to th- effectiveness of cross product steering alonc. The
papers will also include results concerning

1. Use of the gravity term in the out-of-planc cceeleration
command. :

2. Use of the decremented position vector in the comnputa-
tion of Vr' :
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-

3. The yelative effeets ol ¢n accurate computaltion of Tpo
vs a less accurate but simpler computation.

The quantitices of intcrest in these comparisons
be the amount of {vol requived Tor each scheme, Tho consitivity
of the schemer: to v ious iypes of crroys, and the comparitive
Lagnitudes of the resvlting errors, both in-plane and out-o
planc foir cases which bound the fawily of Lpollo missions.
: A P
g\ (" (;;"1.’ B

) -

o

>

2012-DAC~jdc D. A. Corcy
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